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Experimental autoimmune encephalomyelitis (EAE) is an animal model of multiple scle-

rosis. EAE is mainly mediated by adaptive and innate immune responses that leads to an

inflammatory demyelization and axonal damage. The aim of the present research was to

examine the therapeutic efficacy of D-aspartic acid (D-Asp) on a mouse EAE model. EAE

induction was performed in female C57BL/6 mice by myelin 40 oligodendrocyte glycopro-

tein (35-55) in a complete Freund's adjuvant emulsion, and D-Asp was used to test its ef-

ficiency in the reduction of EAE. During the course of study, clinical evaluation was

assessed, and on Day 21, post-immunization blood samples were taken from the heart of

mice for the evaluation of interleukin 6 and other chemical molecules. The mice were

sacrificed, and their brain and cerebellum were removed for histological analysis. Our

findings indicated that D-Asp had beneficial effects on EAE by attenuation in the severity

and delay in the onset of the disease. Histological analysis showed that treatment with D-

Asp can reduce inflammation. Moreover, in D-Asp-treated mice, the serum level of inter-

leukin 6 was significantly lower than that in control animals, whereas the total antioxidant

capacity was significantly higher. The data indicates that D-Asp possess neuroprotective

property to prevent the onset of the multiple sclerosis.
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1. Introduction

Multiple sclerosis (MS) is considered as an autoimmune in-

flammatory demyelinating disease of the central nervous

system (CNS) and of spinal cord that is characterized by

relapsing-remitting attacks and worsening neurologic func-

tion [1]. MS disease is known by the destruction of the myelin

sheath that surrounds neuronal axons in the CNS, a process

that results in neurodegeneration and consequently the for-

mation of sclerotic plaques in the brain. Recent investigations

showed an association between MS and steroid hormones,

namely progesterone, testosterone, and 17b-estradiol [2e4].

Steroids attenuate neuroinflammation by reducing the pro-

inflammatory function of astrocytes. Another research pro-

vided the evidence that steroids induce remyelination after

demyelination [5e7]. The underlying cellular mechanisms

involve interactions with astroglia, insulin-like growth factor-

1 responses, and the recruitment of oligodendrocytes [4].

Several studies have shown that a reduction in the testos-

terone levels in rats induces a decrease in the synthesis of

myelin protein [4]. Furthermore, progesterone is capable of

protecting the motor neurons in the spinal cord of rats [5,6],

and 17b-estradiol protects oligodendrocytes from the cyto-

toxicity of cell death [7]. The other series of studies reported

that the neurosteroids contribute to the formation of synap-

ses, synaptic plasticity, and cognitive activity in addition to

having protective effects on myelin destruction [5,7e16].

These multiplatform studies indicate impaired neuro-

steroidogenesis in both MS and experimental autoimmune

encephalomyelitis (EAE). EAE is an animal model of MS where

the disease is mediated by autoantigen-specific T cells, such

as myelin oligodendrocyte glycoprotein (MOG) and myelin

basic protein [17,18]. EAE is used for the evaluation of mech-

anism causing MS as well as pharmacological research in MS

[19e22].

D-Asp is a natural amino acid present in all animal phyla

investigated, including rodents and humans. It was first

discovered in the brain of themarinemollusc,Octopus vulgaris,

in 1977 [23]. Subsequent studies have clarified that this amino

acid is mainly present in the nervous tissues and endocrine

glands [24e26] where it performs important physiological

functions [27,28]. In the nervous tissues, D-Asp is localized in

various areas of the brain, including the olfactory bulb, frontal

cortex, hippocampus, and cerebellum. In the endocrine

glands, D-Asp is localized mainly in the pineal gland, adrenal

medulla, posterior pituitary gland, and testis [29]. In the hy-

pothalamus, D-Asp is involved in the synthesis and release of

gonadotropin-releasing hormones. In the pituitary gland, it

induces the synthesis and release of luteinizing hormone, and

in testis, it induces the synthesis and release of testosterone

[30]. Furthermore, from the pineal gland, this amino acid is

involved in the synthesis and release of melatonin [31],

whereas from the pituitary gland, it can increase the synthesis

of themelanocortin [32]. In the nervous system instead, D-Asp

acts as a novel neurotransmitter of cell-cell signaling [33] and

as neuromodulator [34]. Interestingly, D-Asp can also enhance

learning and memory in rats [35] as well as improve the long-

term potentiation [36] and prevent long-term depression in

mice [37]. Lastly, this amino acid also acts as a regulator for
the neurogenesis and is an endogenous factor for the

neuronal dendrites growth [38,39].

Previously, studies have established that some hormones,

mainly testosterone, progesterone, and 17 b-estradiol, in the

CNS (neurosteroids) play a role in the protection of the neu-

rons against neuronal damage caused by dangerous hexogen

and endogen molecules, i.e., free radicals, nitric oxide, per-

oxides, and endogen antibody. Moreover, such neurosteroids

are essential elements to keep the myelin sheath healthy that

surrounds the neuron and concur in the synthesis of myelin

[7e9,13e15]. In the present study, we have obtained the evi-

dence inmice that on oral ingestion of a solution consisting of

20mM sodium D-aspartate instead of tap water, this amino

acid crosses the blood brain barrier in male and female mice

and increases the synthesis of the neurosteroids (testos-

terone, progesterone, and 17 b-estradiol) in the brain. Thus,

these results suggest that D-Asp may have the property to

prevent and reduce the neuronal damage of the myelin

sheath, which is the major protein surrounding the neuron.

Therefore, the aim of this study was to the therapeutic effects

of the oral treatment of sodium D-aspartate in experimental

mouse model for MS.
2. Material and methods

2.1. Animal selection and grouping

In this experiment, 24 female C57BL/6 mice, weighing 18e20 g

and aged 8 weeks were used. The mice were purchased from

the Experimental Animal Center of Pasteur Institute of Iran.

These mice were divided into four groups randomly (6 mice

per group): I, normal group (healthy control); II, prophylactic

group; III, treatment group; and IV, control group. For adap-

tation, all mice were housed in cages under 12-hour light-

edark cycle in the animal house of Tehran University for 2

weeks. During the study period, the samemeal plan including

pelleted diet soya, carrot, peanuts, andwater was used. All the

animal-related procedures were conducted in accordance

with the protocol approved by the committee on animal

experimentation of Tehran University of Medical Sciences.

2.2. EAE induction and treatment protocol

From the first day of adaptation, all animals were weighed,

and their weights were recorded. To induce EAE, Hook kit

(Hooke Laboratories, Inc, USA) was used. Each kit contained

two pre-filled syringes of MOG 35-55 in an emulsion with

complete Freund’s adjuvant and a vial of lyophilized pertussis

toxin (PTX). EAE induction was performed according to in-

structions: 0.1mLMOG35-55was injected to the left flank area

as well as to the right flank area subcutaneously; after 2 hours,

the first dose of PTX dissolved in 2.5-cc sterile phosphate-

buffered saline (PBS) was injected intraperitoneally into

mice. After 24 hours, the second dose of PTX (0.1 mL/mouse)

was injected intraperitoneally.

We prepared a stock solution of 1M of sodium D-aspartate

as follows: 133.1 g of D-aspartic acid, 99% grade (Sigma, USA),

was added to 500 mL distilled water with stirring. Then, it was

added under stirring a solution of 2M sodium hydroxide to

http://dx.doi.org/10.1016/j.jfda.2016.10.025
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5e10 mL to time with stirring until all the D-aspartic acid was

solubilized to form the sodium D-aspartate. The solution was

then brought to 1 L with distilled water and then filtrated on

the filter of 0.42 mm pores, divided into aliquots, and stored at

e20�C. The given dose to animals with the concentration of

20mMwas based on our previous study where we established

that a solution of 20mM of D-Asp was not dangerous for the

animals over a long time period of treatment [36]. Further-

more, 5 days before the induction of EAE, 20mM sodium D-

aspartate solution was given daily in drinking water to the

prophylactic group. The solution was given until the 20th day.

Moreover, from the 5th day after the induction of EAE and until

the 20th day, the animal continued to drink the 20mM sodium

D-aspartate solution. Mice were checked daily, and their

clinical scores were evaluated according to the following

criteria: 0, no clinical sign; 1, paralysis of the tail; 2, paralysis of

the tail and weakness of the hind limbs, hind limbs get

together when lifting the mouse from the tip of the tail; 3,

paralysis of the tail and hind limbs and/or paralysis of the tail

with one fore limb and one hind limb; 4, complete paralysis of

the tail and hind limbs and partially paralyzed fore limbs; 5,

complete paralysis.

2.3. Histopathology and in vitro determinants
evaluation

On 21st day after induction, all mice in normal, control, pro-

phylactic, and treatment groups were anesthetized by chlo-

roform, blood samples were taken from the right ventricle of

the heart, and perfusion was performed immediately with the

injection of formalin to heart by the scalp vein. Blood samples

were centrifuged, and sera were separated from the blood.

Sera were used to assay glutathione reductase (GR), total

antioxidant capacity (TAC), super oxide dismutase (SOD), and

interleukin 6 (IL-6). The brain and cerebellum were removed

for histopathological examinations and placed in 10%

formalin for fixation. To evaluate the inflammatory criteria

and mononuclear cell infiltration, cross sections (5 mm) of

brain and cerebellum were prepared, embedded in paraffin,

and stained with hematoxylin-eosin. In order to determine

demyelination, sections (8 mm thick) were prepared and

stained with luxol fast blue [20]. Lastly, stained slides were

examined under a microscope by an expert pathologist.

2.4. Quantification of SOD activity

A ZellBio GmbH SOD kit (Ulm, Deutschland) was prepared to

assay SOD in serum. This kit is used for SOD activity assess-

ment in the range of 5e100 U/mL. It can determine the SOD

activity in the biological sample with the sensitivity of 1 U/mL

(1 KU/L). In this assay, the SOD activity unit was considered as

the amount of the sample that will catalyze the decomposi-

tion of 1 mmol of O2 to H2O2 and O2 in 1 minute. The SOD ac-

tivity is determined colorimetrically at 420 nm.

2.5. GR assessment

Toassay theGRactivity, aZellBioGmbH (Ulm,Deutschland) kit

was prepared. Biocore GR assay kit can be used for the activity

assessment in the range of 10e15 U/L. This kit can determine
GR in the biological sample with the sensitivity of 1U/L sensi-

tivity.TheGRactivity is determinedphotometrically at 340nm.

2.6. TAC

The TAC measurement in serum using the colorimetric

method by the radical cation of 2,2ʹ-azino-bis(3-ethyl-

benzothiazoline-6-sulphonic acid) was introduced by Ozgen

andco-workers [40]. The experiment is basedoneliminating or

reviving of cationABTSþ (with amaximum light absorption at

wavelengths of 660 nm, 734 nm, and 820 nm) by antioxidant

compounds in the serum sample. With reviving radical ABTS,

the green-blue solution turns into an achromatic solution. The

decrease in optical density is measured by a spectrophotom-

eter and expressed as radical inhibition percentage. The

instability of ABTS is a drawback of this method, which is

improved by the production of stable ABTS [41]. To produce

ABTS cation [2,2 azino-bi(3-ethylbenzolin-6-sulfonicacid], it is

combinedwith potassiumpersulfate that is stable at least for 2

days. In this investigation, bovine serum albumin (BSA) was

manipulated instead of trolox. For converting the inhibition

percentage to g/dL, the standard BSA curve was used [40,42].

2.7. Quantification of IL-6

The Biolegend LEGEND MAX Mouse IL-6 ELISA Kit (BioLegend,

Inc. San Diego) is a sandwich enzyme-linked immunosorbent

assay (ELISA) with a 96-well strip plate that is precoatedwith a

captured antibody to assay the level of pro-inflammatory

cytokine of IL-6 in the sera of control, normal, prevention,

and treatment groups. This assay was performed according to

the manufacturer’s instructions. Absorbance was read at

450 nm in a 96-well microplate ELISA reader.

2.8. Determination of neurosteroids

The brain of each mouse was homogenized 1:5 with PBS using

Ultra-Turrax I-125 homogenizer (IKA Werke GmbH & Co, Stau-

fen im Breisgau, Germany) or other homogenizer. Next, 2 mL of

the homogenate was mixed vigorously with 10 mL of diethyl

ether to extract the hormones and allowed to stand at room

temperature for 10 minutes. The upper ether phase was sepa-

rated from the precipitate. The extraction was repeated one

more timewith further 10mL ether. The two ether phaseswere

combined, and etherwas allowed to evaporate in petri dishes at

room temperature under the hood. The residuewas suspended

in 500 mL of PBS containing 5mg of BSA/mL for the hormones to

bind for affinity to the BSA; finally, this samplewas used for the

determination of the neurosteroids using the specific ELISA for

the determination of testosterone, progesterone, and 17b-

estradiol using the reagent kit from the DIAMETRA (Secrate,

Milano, Italy) or the reagent kit (Elecsys and Cobas e analyzers)

from Roche Diagnostics GmbH, Mannheim (Germany). Using

the above ether extraction with each hormone standard added

to the sample, the recovery of the sample was 90e95%.

2.9. Determination of D-Asp

ThedeterminationofD-Asp inmicebrainwasperformedusing

a high-performance liquid chromatography (HPLC) enzymatic

http://dx.doi.org/10.1016/j.jfda.2016.10.025
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method combined with D-aspartate oxidase (D-AspO), ac-

cording to D’Aniello et al. [33]. In brief, 1 mL of brain homoge-

nate prepared as above was mixed with 1 mL of 0.2M

trichloroacetic acid (TCA) and centrifuged for 2 minutes at

13,000g. The supernatant was purified on cation exchange

resin: AG 50WX8; (100e200 mesh, Bio-Rad) column 0.5 � 2 cm

activated as follows: the column was treated with 10 mL 6M

NaOH followed by 3� 10mL distilled water, 10mL 6MHCl, and

3 � 10 mL distilled water. Finally the TCA supernatant was

passed on the activated column, followed by washing with

3 � 5 mL 0.01M HCl. The amino acids bound to the resin and

then were eluted with 2 � 4 mL 4M NH4OH. The eluent con-

taining all the amino acids, includingD-Asp,was dried on petri

dishes on awarmplate (50e60�C). The residuewas dissolved in

1mLdistilledwater. For theHPLC analysis, 50 mL of this sample

was mixed with 100 mL of 0.1M sodium borate buffer (pH 10.0)

and 10 mL of o-phthaldialdehyde (OPA)/ N-acetyl-cysteine

(NAC) reagent (prepared bymixing 20mg of OPAwith 10mg of

NAC in 1 mL methanol). After 2 minutes (for completing reac-

tion) 20 mL of this mixture was injected into a C18 Supelcosil

column (0.45 cm � 25 cm, Supelco Inc., Belafonte, PA, USA)

connected to a Beckman-Gold HPLC system. The column was

eluted at 1.2 mL/minute with a gradient consisting of: solution

A (950 mL 0.05M citrate-phosphate buffer of pH 5.6 and 50 mL

acetonitrile) and solution B (90% acetonitrile in H2O). The pro-

gram gradient was: 0e10 minutes, 90% A and 10% B; 10e20

minutes; 0% A and 100% B; 20e25 minutes at 100% B and

returning to 0% in 1 minute. The fluorescence was read at an

excitation wavelength of 330 nm and emission wavelength of

450 nm. D-Aspwas eluted with a peak at 5.2minutes, followed

by L-Asp at 6.0 minutes, L-Glu at 7 minutes, and other amino

acids. In order to quantify D-Asp in the sample, a standard

curve consisting of 50 pmol of D-Asp and 100 pmol of each of

theaminoacids,namelyL-Asp, L-Glu, L-Ser, L-Thr, L-His, L-Gly,

L-Arg, L-Ala, L-Val, L-Met, L-Tyr, L-Phe, L-Ile, L-Leu, and L-Lys,

was performed in the same assay condition.

2.10. Statistical analysis

Data were expressed as mean± SD, except for histological

scores, which were calculated as mean± SEM. Statistical
Figure 1 e Effect of D-Asp on the clinical score of experimental a

were administered 20mM D-Asp 5 days before and after EAE in

respectively. Disease severity was assessed by a visual cumula

Day 21 are given as mean± SEM and *p< 0.05. Each data point

comparing treatment and prevention versus control.
analysis was performed using the ManneWhitney U test for

nonparametric data and Student t test for parametric data. A p

value < 0.05 was considered statistically significant.
3. Results

3.1. Clinical findings

In this investigation, the induction of EAEwas done in C57BL/6

mice by immunizing themwith a ready-to-use Hooke kit. Mice

in prevention and treatments groups were treated with 20mM

D-Asp in their drinking water. The clinical course and in-

tensity of the disease differed consistently between preven-

tion, treatment, and control groups. The mice in prevention

and treatment groups showed a significant reduction in the

clinical course of EAE compared with those in the control

group (Figure 1). EAE onset was delayed in the prevention

group (11.00± .00 p< 0.05) compared with the control group

(10.5± 00.54, p< 0.05); additionally, EAE onset was delayed

significantly in the treatment group (12.00± 1.26) compared

with the control group (Figure 2). These effects led to a clinical

improvement and a delayed disease progression, indicating

that D-Asp can inhibit the progression of EAE.

3.2. Histological findings

As shown in Figure 3, the demyelination and inflammation

determinants were significantly higher in the control group

than in EAE mice treated by sodium D-aspartate. The results

demonstrated in Tables 1 and 2 showed that the clinical

severity of EAE in control, prevention, and treatment groups is

correlated with the severity of inflammation observed in the

histopathology of CNS.

3.3. SOD activity

D-Asp therapy showed an increase in the SOD activity in

serum; this was in agreement with the clinical findings. As

shown in Figure 4, the SOD activity was increased in the

prevention (25.43± 2.22) and treatment groups (23.39± 5.65)
utoimmune encephalomyelitis (EAE). Female C57BL/6 mice

duction in the prevention group and treatment group,

tive scoring system. Cumulative scores from Day 10 until

has been calculated by ManneWhitney U test with

http://dx.doi.org/10.1016/j.jfda.2016.10.025
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Figure 2 e Effect of D-Asp on experimental autoimmune

encephalomyelitis (EAE) onset. In the prevention group, D-

Asp therapy showed a delay at onset of disease compared

with the control group but was not significant. In the

treatment group, D-Asp therapy showed a significant delay

at onset of disease compared with the control group.

*p¼ 0.033.
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compared with the control group (20.51± 4.77); however,

these differences were not significant.

3.4. GR

As shown in Figure 5, GR activity was increased in the pre-

vention (33.72± 9.37) and treatment groups (25.73± 8.78)

compared with the control group (20.18± 3.36); however,

these differences were not statistically significant.

In thenormalgroup,GRactivitywas significantlyhigher than

that in the control, prevention, and treatment groups (p< 0.01).

3.5. TAC evaluation

TAC evaluation was based on ABTS radical cation [2,2ʹ-azino-

bis(3-ethylbenzothiazoline-6-sulfonic acid)] scavenging on
Figure 3 e Representative light microscopic view of histopathol

groups. (A) Hematoxylineeosin staining of brains sections show

inflammation significantly by restricting leukocyte infiltration.

demyelination could be reduced by D-Asp therapy. C¼ control

T¼ treatment group.
serumsamplesofmice. As shown inFigure 6, treatmentwithD-

Asp, increased TAC in the treatment group (2.10± 0.21) and

prevention group (1.94± 0.32) compared with the control group

(1.68± 0.22); however, these differences were not statistically

significant.

3.6. IL-6 evaluation

The effect of D-Asp on IL-6 cytokine concentration in mice

sera was evaluated. The analysis was performed using an

ELISA kit. As shown in Figure 7, treatment by D-Asp reduced

IL-6 production in prevention group (82.98± 16.91) and treat-

ment group (70.00± 23.6) compared with the control group

(138.65± 37.35).

3.7. Effects of D-Asp on the neurosteroid production and
its accumulation in the brain

Many studies have reported that some neurosteroids, such as

progesterone, testosterone, and 17b-estradiol, play an impor-

tant role in the prevention or reduction of the gravity of MS

pathology presumably by acting their specific receptors or by

other unknown mechanisms [4,6e10,16]. Previously, our

study has demonstrated that D-Asp can increase the con-

centration of these hormones in the endocrine tissues

[30,31,43e45]; therefore, in this study, wewanted to determine

whether such a phenomenon also occurred in the CNS.

Therefore, we measured the concentration of the neuro-

steroids in mice brain treated and non-treated with D-Asp,

and the results obtained indicated that the concentration of

the progesterone and testosterone (1.5-fold; p< 0.01) and 17b-

estradiol (about 2-fold, p< 0.01) in the brain was improved

statistically in mice which had orally ingested D-Asp

compared with their respective control group mice (Table 3).

In order to knowwhether D-Asp ingested orally crosses the

brain barrier and then triggers neurosteroid synthesis, we also

determined the concentration of D-Asp in the brain in mice

treated and non-treated orally with D-Asp. The results indi-

cated that the concentration of D-Asp was significantly higher

(2-fold) in the brain of mice treated orally with D-Asp than in
ogical slides of the central nervous system in different

ed that D-Asp therapy could suppress the development of

(B) Luxol fast blue staining showed that the extent of

group; N¼normal group; P¼ prevention group;

http://dx.doi.org/10.1016/j.jfda.2016.10.025
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Table 1 e Comparison of inflammation indexes in histopathology examination in the brain of EAE mice.

Inflammation indexes Control (Mean± SD) Prevention (Mean± SD) Treatment p*

Demyelination 3.85± 0.74 1.75 ± 0.86 1.30 ± 0.67 0.007

Degeneration 3.70± 0.57 1.75 ± 0.52 1.20 ± 0.73 0.005

Infiltration of inflammatory cells in leptomeninges 3.50± 0.64 1.16 ± 0.75 0.50 ± 0.58 0.004

Meningeal vessels hyperemia 3.50± 0.61 1.91 ± 0.80 1.60 ± 0.55 0.01

Leukocyte margination 2.65± 0.60 1.62 ± 1.02 1.10 ± 0.89 0.006

Perivascular cuffing 3.65± 0.85 1.25 ± 0.69 0.50 ± 0.58 0.004

Perivascular edema 3.20± 0.57 1.46 ± 0.75 1.60 ± 0.55 0.009

Hypercellularity 4.11± 0.70 1.70 ± 1.56 1.55 ± 0.37 0.006

Laminar necrosis 3.90± 0.65 1.58 ± 0.37 1.45 ± 1.11 0.004

Endothelial cell hypertrophy 3.60± 0.82 1.83 ± 0.49 1.55 ± 0.45 0.006

Spongiosis 3.05± 0.67 1.29 ± 0.75 0.85 ± 0.45 0.006

Note. Source: Histopathology examination. 0¼no symptoms; 1¼mild; 2¼moderate; 3¼moderately severe; 4¼ severe; 5¼ very severe.

Demyelination: loss ofmyelin in the nerve sheaths; Leptomeninges: the two innermost layers of tissue (the arachnoidmater and piamater) that

cover the brain and spinal cord; Hyperemia: too much blood that accumulates in micro circulation as meningeal vessels; Leukocyte margin-

ation: accumulation and adhesion of leukocytes to the endothelial cells of blood vessel walls at the site of injury in the early stages of

inflammation; Perivascular cuffing: the accumulation of leukocytes around the vessel; Laminar necrosis: necrosis of the selected neuron in

particular layer of cerebral cortex; Spongiosis: vacuolation of cerebral gray and white matter; Hypercellularity: increased number of glial and/

inflammatory cells in a tissue.

*All differences were statistically significant (*p < 0.05) except for meningeal vessels hyperemia.

Table 2 e Comparison of inflammation indexes in histopathology examination in the cerebellum of experimental
autoimmune encephalomyelitis mice.

Inflammation indexes Control (Mean± SD) Prevention (Mean± SD) Treatment (Mean± SD) p*

Demyelination 3.75± 0.66 1.62± 0.80 1.35 ± 60 0.006

Degeneration 3.80± 0.45 1.58± 0.49 1.05 ± 0.67 0.005

Infiltration of inflammatory cells in leptomeninges 3.50± 0.79 1.37± 0.97 0.75 ± 0.71 0.005

Meningeal vessels hyperemia 3.80± 0.76 1.75± 1.14 1.00 ± 0.50 0.006

Leukocyte margination 3.90± 0.89 1.70± 1.30 0.95 ± 0.84 0.009

Perivascular cuffing 3.80± 0.76 1.54± 1.17 0.65 ± 0.60 0.006

Perivascular edema 3.15± 0.86 1.62± 1.22 1.10 ± 0.74 0.023

Hypercellularity 4.00± 0.79 1.58± 0.75 0.90 ± 0.67 0.005

Endothelial cell hypertrophy 3.25± 0.50 1.58± 0.75 1.45 ± 0.51 0.007

Spongiosis 3.30± 0.86 1.62± 0.90 1.45 ± 0.27 0.007

Note. Source: Histopathology examination. 0¼no symptoms; 1¼mild; 2¼moderate; 3¼moderately severe; 4¼ severe; 5¼ very severe.

Demyelination: loss ofmyelin in the nerve sheaths; Leptomeninges: the two innermost layers of tissue (the arachnoidmater and piamater) that

cover the brain and spinal cord; Hyperemia: too much blood that accumulates in micro circulation as meningeal vessels; Leukocyte margin-

ation: accumulation and adhesion of leukocytes to the endothelial cells of blood vessel walls at the site of injury in the early stages of

inflammation; Perivascular cuffing: the accumulation of leukocytes around the vessel; Spongiosis: vacuolation of cerebral gray and white

matter; Hypercellularity: increased number of glial and/inflammatory cells in a tissue.

*All differences were statistically significant (*p < 0.05).
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the control group (Table 4). Thus, this finding indicated that D-

Asp is capable of crossing the brain barrier and accumulate in

the brain.
4. Discussion

EAE is an animal model of MS that causes brain inflammation

and demyelination mediated by the immune response to

brain antigens. Several studies indicated that neurosteroids

have protective properties against the neurodegeneration that

occurs in some neurodegenerative disorders such as MS

[17,43,44]. On the other hand, it was reported that neuro-

steroids contribute to the formation of neural synapses, syn-

aptic plasticity, and cognitive activity [8]. There is substantial

evidence in animal studies suggesting that neurosteroids can

affect brain function by neurotransmission and influence on
neuronal survival, glial differentiation, andmyelination in the

CNS by regulating gene expression of neurotrophic factors

and anti-inflammatory molecules [46]. Involvement of neu-

rosteroids in the neurodegenerative and neuroinflammatory

processes suggests that they may deserve further in-

vestigations as potential therapeutic agents in MS [46]. In our

and other previous studies regarding the steroidogenesis of

rat, it has been demonstrated that D-Asp can increase some

hormones of the hypothalamusehypophysisegonadal axis,

such as gonadotropin-releasing hormone from the hypothal-

amus, luteinizing hormone from the hypophysis, and testos-

terone from the gonads [30] as well as testosterone from

Leydig cells [45], a-melanocyte-stimulating hormone, GABA

and dopamine release [31], and melanocortin [32]. These re-

sults induced us to verify whether D-Asp treatment in mice

could also increase the neurosteroids (testosterone, proges-

terone, and 17b-estradiol) in mice experimental model of MS.

http://dx.doi.org/10.1016/j.jfda.2016.10.025
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Figure 4 e The effect of D-Asp on serum super oxide

dismutase (SOD) activity. It is observed that D-Asp

increased SOD activity in prevention (25.43± 2.22) and

treatment groups (23.39± 5.65) compared with control

group (20.51± 4.77); however, this difference was not

statistically significant.

Figure 5 e The effect of D-Asp on serum glutathione

reductase (GR) activity. It is observed that D-Asp treatment

increased the GR activity in prevention (33.72± 9.37) and

treatment groups (25.73± 8.78) compared with the control

group (20.18± 3.36) but was not statistically significant.

However, the difference between normal group and

prevention, treatment and control groups was significant

(p< 0.01).

Figure 6 e The effects of D-Asp on serum total antioxidant

capacity (TAC). D-Asp increased TAC in prevention

(1.94± 0.32) and treatment groups (2.10± 0.21) compared

with the control group (1.68± 0.22); however, differences

were not significant.

Figure 7 e The effect of D-Asp on serum interleukin 6 (IL-6)

concentration. It is observed that D-Asp significantly

decreased IL-6 in prevention (82.98± 16.91) and treatment

groups (70.00± 23.6) compared with the control group

(138.65± 37.35). *p¼ 0.01,**p¼ 0.002, respectively.
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We observed that D-Asp can treat EAE by decreasing the in-

tensity and delaying the onset of EAE in C57BL/6 mice. It was

observed that D-Asp in drinking water (every day) can signif-

icantly decrease the intensity of inflammation determinants

in the brain and cerebellum of EAEmice. In another study, the

elevated IL-6 levels in EAEwere reportedly associated with the

disease onset [42]. Other studies showed that neurosteroids

can reduce the pro-inflammatory cytokines of astrocytes and

decrease neuroinflammation [4].

Tumor necrosis factor-a, a pro-inflammatory cytokine, is

involved in the pathology of MS and EAE. Its levels are

increased in the serum, cerebrospinal fluid, and also at the site

of active lesions of patient with MS disease, and its

enhancement is correlated with the severity of the disease
[47]. IL-6 cytokine is an important mediator of many inflam-

matory processes because it mediates cellular responses

during immune activation and inflammation. IL-6 reportedly

has a major role in inflammatory reactions, neuro-

immunology, and neuroinflammation [48]. It was demon-

strated in some studies that in mononuclear cells in the blood

and cerebrospinal fluid [48e50] and in the brain tissue of pa-

tients with MS [51], the levels of IL-6 were increased.

Furthermore, studies involving both human MS patients [49]

and mouse models of MS (EAE) suggest that IL-6 levels may

correlate with disease severity [52].

In another investigation, the elevated IL-6 levels in EAE

were reportedly associated with the disease onset. Our inves-

tigation showed that treatment with D-Asp can also decrease

the IL-6 level in animal model of MS; this is in agreement with

our clinical and histopathological findings. Research showed

that in the CNS and peripheral nervous system, neurosteroids

are capable of elevating the synthesis of myelin and

http://dx.doi.org/10.1016/j.jfda.2016.10.025
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Table 3 e Effects of chronic treatment of D-Asp on the
synthesis of neurosteroids in the total brain of C57BL/6
female mice and on the accumulation of D-Asp in the
brain. EAE¼ experimental autoimmune
encephalomyelitis.

Progesterone
(ng/g)

Testosterone
(ng/g)

17b-Estradiol
(pg/g)

Control group

-EAE induction

5.5± 2.0 3.4 ± 1.2 15.0± 4.0

Treated group

-EAE induction

plus

D-Asp treatment

8.5± 2.8 5.2 ± 0.8 28.0± 5.2

Increased (fold) 1.54 1.52 1.86

p < 0.01 < 0.01 < 0.01

Values are themean and standard deviation obtained fromC57BL/6

female mice aged 10 weeks. Control group included mice which

were induced the EAE and left to drink tapwater. After 15 days from

the induction of EAE, the mice were sacrificed and neurosteroids

were measured in the brain. Treatment group includedmice which

were left to drink the solution of sodiumD-aspartate starting 5 days

before induction of EAE and continued for other 15 days from the

induction of the EAE.

Table 4 e Effects of chronic treatment of D-Asp on C57BL/
6 female mice on its accumulation in the brain.
EAE¼ experimental autoimmune encephalomyelitis.

D-Aspartic acid
(ng/g of brain)

Control group

-EAE induction

205 ± 23

Treated group

-EAE induction plus

D-Asp treatment

550 ± 40

Increased (fold) 2.68

p < 0.001

Values are the mean and standard deviation obtained from the

same mice used in the study as reported in the above Table 3.

Control group were mice which were induced the EAE and left to

drink tap water. After 15 days from the induction of EAE, the mice

were sacrificed and concentration of D-Asp was measured using

HPLC. Treatment group included mice which were left to drink the

solution of sodium D-aspartate starting 5 days before induction of

EAE and continued for other 15 days from the induction of EAE.
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preventing cellular damage created by free radicals, nitric

oxide, and peroxides [7,14]. Research also shows that oxidative

stress is created when the balance between SOD and TAC de-

fense is impaired [40]. One of the most important defenses

against oxidative stress is to produce antioxidant enzymes

that have important role in free radicals, i.e., eradication and

detoxification of reactive oxygen species [9].

Our results showed that the treatment with D-Asp could

increase TAC, SOD, and GR compared with the control group;

however, differences were not statistically significant. Other

studies showed that GR is decreased in autoimmunity dis-

eases, such as rheumatoid arthritis and its experimental

models collagen-induced arthritis. Finally, our study shows

that disease progression in experimental model of MS can be

reduced by D-Asp. This finding encourages further in-

vestigations on anti-inflammatory effects and remyelinating
capacity of D-Asp aswell as its role as a potential candidate for

developing an alternative therapeutic strategy against an in-

flammatory disease, such as MS.
5. Conclusion

The results obtained in this study demonstrate that the

treatment by D-Asp prevented the onset of MS in EAE mice.

However, the exact molecular mechanism for this phenome-

non remains unclear. We hypothesize that D-Asp has an in-

direct activity in the synthesis and repair of themyelin sheath

due to its action in triggering the increase of the cerebral

neurosteroids, which in turn are capable of increasing the

synthesis of the myelin and simultaneously protecting the

neurons against internal and external injury.
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